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DNA repair enzymes are essential for maintaining the integrity of the DNA sequence. Unfortunately, very
little is known about how these enzymes recognize damaged regions along the helix. Structural analysis of
cellular repair enzymes bound to DNA reveals that these enzymes are able to recognize DNA in a variety of
conformations. However, the prevalence of these deformations in the absence of enzymes remains unclear,
as small populations of DNA conformations are often difﬁcult to detect by NMR and X-ray crystallography.
Here, we used time-resolved ﬂuorescence spectroscopy to examine the conformational dynamics of linear,
nicked, gapped, and bulged DNA in the absence of protein enzymes. This analysis reveals that damaged
DNA is polymorphic in nature and able to adopt multiple individual conformations. We show that DNA
repair intermediates that contain a one-nucleotide gap and bulge have a signiﬁcant propensity to adopt
conformations in which the orphan base resides outside the DNA helix, while DNA structures damaged by
a nick or two-nucleotide gap favor intrahelical conformations. Because changes in DNA conformation appear
to guide the recognition of DNA repair enzymes, we suggest that the current approach could be used to study
the mechanism of DNA repair.
Structural analyses of many DNA-enzyme complexes reveal
that cellular repair enzymes recognize DNA in a variety of
conformations that distort the normal helical structure of DNA.1
Some of the conformations regularly observed in these structures
include DNA bending, major groove compression, and extra-
helical base ﬂipping. However, the prevalence of these deforma-
tions in the absence of enzymes remains unclear, as small
populations of DNA conformations are often difﬁcult to detect
by NMR and X-ray crystallography. Efforts to resolve this
question have led to the use of time-resolved ﬂuorescence
spectroscopy as a highly sensitive technique for examining the
conformation and structure of DNA.2 While previous studies
have focused on the conformation and dynamics of abasic
lesions and single-base mismatches,3 no systematic analysis of
other DNA repair intermediates, such as structures with one-
and two-nucleotide gaps, has been undertaken. Here, we report
the conformational states of linear, nicked, gapped, and bulged
DNA by time-resolved ﬂuorescence spectroscopy. Data obtained
in this study provides valuable information about the distribution
of conformations available to several important DNA repair
intermediates.
We designed a series of DNA structures (Figure 1) to study
the effect of different repair intermediates on the conformation
of DNA. The structures were named according to their DNA
modiﬁcation. This included a nicked DNA backbone (NICK),
a backbone with a gap of one and two nucleotides (GAP and
2NT, respectively), a helix with a single nucleotide bulge (BLG),
and a linear helix with continuous base pairing (FBP).
All of the structures derive from the same sequence, and
contain the ﬂuorescent reporter 2-aminopurine (2AP) at the
modiﬁcation site. The 2AP analogue is an attractive probe for
studying the structure and dynamics of DNA because it base
pairs with thymidine without disrupting the DNA helix, and its
absorption and emission maxima lie outside the absorption
spectrum of natural DNA and RNA.4
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Figure 1. DNA repair intermediates analyzed in this study. Structures
with a gap in their sequence have discontinuous phosphodiester
backbones. Dashes indicate continuous DNA strands. The 2AP residue
is shown as P.
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predicted to exist in an ensemble of conformations (Figure 2)
in which the environment of the 2AP reporter exchanges
between multiple distinct states. Because 2AP is sensitive to
static and dynamic quenching by neighboring bases, it is possible
to distinguish distinct DNA conformations by monitoring the
decay kinetics of ﬂuorescence quenching.2 Kinetic decay proﬁles
that exhibit rapid quenching similar to undamaged DNA are
consistent with 2AP residing in a stacked helical state, while
slow decay kinetics similar to free 2AP are consistent with 2AP
residing in an extrahelical state that isolates the reporter from
neighboring bases.2 The ability to distinguish different DNA
populations based on the local environment of the ﬂuorescent
reporter makes it possible to examine the conformational
ﬂexibility of different DNA repair intermediates in the absence
of protein enzymes.
We began by examining the steady-state ﬂuorescence emis-
sion of each DNA complex at ambient temperature. The
ﬂuorescence emission intensity was measured at 370 nm with
excitation at 310 nm (Supporting Information). As expected
from earlier time-resolved ﬂuorescence studies,2 the FBP
structure is strongly quenched, while ﬂuorescence in the BLG
structure remains high. This is consistent with the prediction
that higher steady-state ﬂuorescence correlates with increased
isolation of 2AP from neighboring bases.2b The remaining
structures vary between these extremes: NICK is quenched
nearly as strongly as FBP, the GAP structure is comparable to
the BLG structure, and the 2NT structure is intermediate but
more quenched than GAP. In general, greater disruption to the
DNA helix near the 2AP reporter leads to higher ﬂuorescence.
A similar trend was observed under both low and high salt
conditions, although the BLG and GAP structures exhibit 2-fold
less ﬂuorescence under simulated physiological conditions when
compared to the higher salt conditions. Taken together, this data
supports the notion that certain repair intermediates are more
disruptive to the helical structure of DNA than others. However,
this data does not describe the distribution of conformational
states adopted by the different DNA structures.
Time-correlated single-photon counting (TCSPC) was used
to study the distribution of individual DNA conformations.
Fluorescence decay curves were recorded at 390 nm for each
DNA structure as well as the free 2AP nucleoside (Figure 3A).
We used the higher salt conditions for these measurements to
stabilize base pairing of the duplex and prevent fraying of the
ends. Because the instrument response time of TCSPC is 100
ps, streak camera imaging, which has a resolution limit of 10
ps, was required to capture the fast component for the NICK
and FBP structures. The fast ﬂuorescence decay component,
which is embedded in the instrument response time of the
TCSPC, was clearly resolved in the streak camera measure-
ments. The fast decay kinetics of the FBP and NICK structures
are plotted in Figure 3A (inset). The trend in the ﬂuorescence
decay curves is consistent with data acquired under steady-state
conditions. Because the DNA sequence is the same in each case,
we reasoned that the change in the rate of ﬂuorescence
quenching must be due to differences in the conformation of
the DNA structure near the 2AP reporter.
To examine the distribution of conformational states, the
kinetic decay proﬁles were ﬁt to a sum of exponentials
(Supporting Information). With the exception of 2AP, which
exhibits free ﬂuorescent decay, and FBP, which has very rapid
ﬂuorescence quenching, four exponential terms were required
to ﬁt the ﬂuorescence decay curves. The kinetic components
fall into the following categories: (i) a fast component with a
lifetime of ∼30 ps that corresponds to 2AP stacked within the
DNA helix; (ii) two intermediate components with lifetimes of
90-200 ps and ∼1 ns which result from less efﬁcient quenching
due to dynamic disorder caused by motion of the DNA bases;
and (iii) a slow component with a lifetime of 4.5-11 ns that
corresponds to 2AP residing in the extrahelical environment.2,3
This conformation can have lifetimes approaching that of free
2AP, but rapid exchange reduces the lifetime by kinetic
averaging.2e
Two trends are evident from the contribution of each kinetic
component (Figure 3B). First, as the undamaged DNA helix is
progressively disrupted from the FBP to the NICK to the 2NT
complex, a drop in the fast decay component is compensated
by a rise in the intermediate decays, which suggests that these
structures adopt alternative conformations other than those
described by the fully exposed and fully buried states. It is
Figure 2. Schematic view of the DNA conformations. Damaged DNA
structures are expected to equilibrate between several different con-
formations. The 2AP residue is indicated by the letter P.
Figure 3. Kinetic analysis of DNA structures. (A) Fluorescence decay
curves obtained by TCSPC were recorded at 390 nm with a time per
step of 6.28 ps. The inset shows the early time kinetics of NICK, FBP,
and free 2AP samples recorded on a streak camera system with 2 ps
time resolution. (B) The relative amplitude of each lifetime obtained
from a four-term exponential ﬁt.
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the ﬂuorescence decay of a single-stranded 2AP complex
(Supporting Information), which suggests that the local structure
near 2AP becomes more disordered as the extent of damage
increases to the modiﬁed site. Comparison of the NICK, GAP,
and BLG complexes indicates that the decreasing fast decay is
compensated by a rise in the slow decay, which exceeds 6 ns
only in the GAP and BLG structures. This indicates that these
structures exchange the 2AP residue between intrahelical and
extrahelical conformations, with the GAP and BLG structures
able to collapse into a helix with 2AP looped out into solution.
Furthermore, the calculated numerical lifetimes obtained from
the ﬂuorescence decay measurements follow the same trend as
the ﬂuorescence intensity change obtained from steady-state
measurements (Supporting Information), indicating that the
kinetics directly reﬂect the distribution of DNA conformations.
Our ﬂuorescence data demonstrates that damaged DNA is
dynamic and able to adopt multiple individual conformations.
We show that DNA repair intermediates that contain a nicked
DNA helix remain unaltered relative to other modiﬁcations,
which is consistent with previous electrophoretic and NMR data
obtained on similar DNA structures.5,6 We found that structures
that contain a one-nucleotide gap or a bulge adopt a mixture of
conformations in which the orphan base resides both inside and
outside the DNA helix. The lifetime of the extrahelical state
relative to the intermediate and intrahelical states is long when
compared to other repair intermediates such as the two-
nucleotide gap. This result is consistent with two previous NMR
studies that describe the three-dimensional structures for a one-
nucleotide gap complex.7,8 In both structures, the DNA adopts
a standard B-type helix with the orphan base residing inside
the helix. However, in one of the NMR studies, molecular
dynamics calculations indicated the presence of two equal
populations of DNA conformationssone in which the DNA
adopts a standard B-form helix and a second conformation in
which the helix is kinked at the gap.7 The molecular dynamics
data is consistent with recent electrophoretic data that predicts
an anisotropic bend on DNA containing a one-nucleotide gap.9
Data collected on the bulge structure indicates that a single
unpaired base in an otherwise intact helix adopts an almost equal
distribution of intra- and extrahelical states. Numerous NMR
and X-ray crystallography studies have examined DNA struc-
tures that contain this modiﬁcation,10,11 as unpaired bases have
been implicated as a possible cause of frame-shift mutations
during DNA replication. Comparison of our data to previous
structural data demonstrates that we were able to capture the
full ensemble of states available to a bulged complex. This data
stands in contrast to the NMR structures, which shows an
unpaired residue stacked into the helix, and the X-ray crystal
structure, which shows a B-form helix with a single looped out
residue.10,11 Lastly, analysis of the two-nucleotide gap structure
indicates that this modiﬁcation adopts a conformation in which
the 2AP reporter is buried between adjacent bases, presumably
in an extended conformation with the unpaired residues open
to solvent. To our knowledge, this is the ﬁrst detailed analysis
performed on this type of DNA repair intermediate.
In summary, this report provides a unique opportunity to
examine the distribution of structural conformations that are
available to different types of DNA repair intermediates. We
examined DNA structures that contained a nick, gap, and bulge
in their helix, and show that the dominant conformation is not
always in agreement with known three-dimensional structures.
This ﬁnding highlights the importance of studying the complete
ensemble of conformations rather than one or two dominant
populations of molecules. Because changes in DNA conforma-
tion might guide the handoff between DNA repair enzymes,
we suggest that the current approach could be used to study
the mechanism of DNA repair.
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